The bainitic ferrite phase formed at temperatures below 573 K (300°C) in high-carbon high-silicon steels holds an amount of carbon well above that expected from the thermodynamic paraequilibrium with austenite. Diffraction experiments have shown that the ferrite lattice is sufficiently Zener-ordered to possess a tetragonal symmetry, which allows the structures to be supersaturated in carbon. It could be expected that carbon undergoes ordering beyond that indicated by the Zener-ordering temperature as in the early stages of tempering of Fe-based martensites. This study examines the formation of cluster arrangements of carbon within bainitic ferrite and their relationship to the tetragonal distortion.
I. INTRODUCTION
LOW-TEMPERATURE bainite is obtained in high-carbon high-silicon steels after transformation at temperatures below 573 K (300°C). Once a bainitic ferrite plate grows, carbon is mobile enough to partition rapidly from supersaturated bainitic ferrite to austenite, simultaneously with other competing reactions such as carbon segregation to linear defects. As bainitic transformation proceeds, the residual austenite is enriched in carbon and further stabilized at ambient temperature. The resulting structure primarily consists of nanoscaled plates of bainitic ferrite embedded in carbon-enriched regions of austenite. [1] In these steels, silicon additions (over 1.50 wt pct,~2.95 at. pct) prevent the precipitation of cementite between subunits of bainitic ferrite, but are not effective in retarding the precipitation of carbides from ferrite plates at low temperatures. [2] In the last decade, a significant amount of atom probe tomography (APT) observations have been performed in low-temperature bainite, showing that large quantities of excess carbon remain in ''defect-free'' solid solution in the bainitic ferrite matrix, [3] [4] [5] [6] even after prolonged heat treatment. [7] However, the term ''defect-free'' would imply that bainitic ferrite would contain a lack of dislocations and, most importantly, point defects in the bainitic ferrite. The term ''dislocation-free'' regions of bainitic ferrite should be used instead.
Further evidence supporting carbon supersaturation in bainitic ferrite has been derived from synchrotron radiation, [8, 9] X-ray diffraction (XRD), [7] and in situ neutron diffraction [10] experiments, demonstrating that a body-centered tetragonal (bct) ferrite lattice results in a better Rietveld fitting to the bainitic ferrite unit cell than a body-centered cubic (bcc) lattice. It is believed that the carbon that persists in solid solution within bainitic ferrite following prolonged isothermal transformation at low temperatures is sufficiently Zener-ordered to produce a tetragonal or slightly orthorhombic ferrite unit cell. [7, 8] Thus, at earlier stages of the transformation, large quantities of excess carbon would remain in dislocation-free regions of ferrite without diffusing to the austenite resulting in bainitic ferrite tetragonality.
Conversely, recent APT analyses [11] indicate that the amount of carbon that remains in solid solution in bainitic ferrite is significantly smaller than that derived from the c/a ratio of bct bainitic ferrite from diffraction studies. It should be noted that the definition and quantification of solid solutions in APT datasets are not trivial and require careful attention to the specific distribution of the solute atoms within the matrix. [12, 13] An ideal solid solution would have its solute atoms distributed in a perfectly random and uniform manner, in such a way that the probability that an atom occupies a lattice site is equal to its average concentration on all lattice sites. Deviations from randomness are reflected differently depending on the underlying phenomenon, which are mostly related to the presence of solute clusters. Therefore, it was suggested that the increased tetragonality detected by XRD could be the result of carbon-enriched features within bainitic ferrite, i.e., carbon clusters, with a locally increased tetragonality. Such a distribution of carbon into clusters surrounded by a depleted matrix is representative of the early stages of decomposition of ferrous martensites. [14] Upon the displacive transformation of austenite at temperatures below that for Zener ordering (e.g., the transformation of austenite to martensite), the octahedral symmetry of the interstitial carbon atoms in the original fcc lattice is maintained in the bcc lattice. An interstitial carbon atom in the newly formed lattice expands the octahedral void by pushing apart two iron atoms in a direction that becomes the c axis of the bct cell. Thus, the microstructure adopts a bct crystal structure with the carbon atoms located at one of the three sublattices of octahedral interstices. [15] The distribution of carbon atoms in austenite is trapped during transformation leading to a random distribution of carbon in virgin martensite. This situation is only maintained at temperatures where carbon is not mobile. If martensite forms or is held at temperatures where carbon is mobile, the tempering of martensite is manifested by a chain of interconnected reactions including carbon segregation to lattice defects, [16, 17] carbon atom clustering, [18] [19] [20] [21] [22] carbon ordering, [23, 24] and carbide precipitation. [16, [25] [26] [27] In the presence of retained austenite, there is a chance for carbon to partition from martensite at elevated temperatures. There are remarkable analogies between low-temperature bainite transformation and the sequence of processes occurring during the early stages of aging of martensites. In this study, the formation of a clustered arrangement of carbon atoms and its relationship to the bct lattice in bainitic ferrite are examined by means of transmission electron microscopy (TEM), APT, and XRD analyses.
II. EXPERIMENTAL PROCEDURE
The alloys studied are high-silicon steels with chemical compositions given in Table I . Dilatometric and metallographic analyses were used to determine the transformation temperatures in the selected steels using an Adamel Lhomargy DT1000 high-resolution dilatometer. The austenite finish temperatures, Ac 3 or Ac m , given by the c/(a + c) phase boundary in hypoeutectoid and c/(c + h) phase boundary in hypereutectoid steels, respectively, were estimated by monitoring the relative changes of length as a function of the temperature upon heating at 5 K s À1 . Similarly, the martensite start temperatures, M S , were evaluated by monitoring the fractional change in dilatation with temperature upon cooling at 50 K s À1 . Conventional metallographic examination by light optical microscopy (LOM) and scanning electron microscopy (SEM) was used to determine the bainite start temperatures (B S ).
Heat treatments were performed in the furnace of an Adamel Lhomargy LK02 high-resolution dilatometer on samples with dimensions 15 mm 9 10 mm 9 5 mm. Each sample was heated by radiation in vacuum to the austenitization temperature, 50 K above Ac 3 or Ac m for 15 minutes, and subsequently cooled down at 50 K/s to the bainite isothermal transformation temperature, between 473 K and 623 K (200°C and 350°C), and held for the necessary isothermal transformation time for completion* of the bainite transformation. Finally, samples were helium quenched to room temperature. Hereafter, samples are encoded according to the material and heat treatment, expressed as xC/y, where x and y are the carbon content of the steel and the transformation temperature in Celsius, respectively. The heat treatments and structures studied here were characterized in previous studies. [7, 11, 29, 30] In addition, two reference microstructures, one martensitic (0.7C/M) and one pearlitic (0.7C/PER) were produced from the 0.7C material by continuous cooling at 50°K/s and 0.1°K/s, respectively, after full austenitization at 1173 K (900°C) for 15 minutes The 0.7C/M martensitic microstructure was naturally aged at room temperature for three months.
TEM thin foils were prepared by twin jet electropolishing using a solution of 5 pct perchloric acid in methanol at 253 K (À 20°C) and a 50 V operating voltage. TEM examination was performed in a high-resolution JEOL JEM-3000F operated at 300 kV with a point-to-point resolution of 0.17 nm. Selected area electron diffraction (SAED) patterns and high-resolution TEM (HR-TEM) images were acquired for structural characterization.
APT needle-shaped samples were cut from bulk material using a FEI Nova 200 focused ion beam (FIB) system and micromanipulators, so that the ferrite region of interest was extracted as a wedge, and mounted to a silicon post array. A series of annular milling patterns were used to further sharpen the specimen into a needle shape with a diameter of less than 100 nm. [31] After a 5 kV low voltage milling step, the silicon coupon with the sharpened needles was then *Bainite transformation at temperatures below 553 K (280°C) does not reach a true stasis even after prolonged heat treatment. The criterion used here to determine the end of the transformation is based on the maximum transformation rate measured, by defining the end of the transformation as the first moment at which the transformation rate is less than 1 pct of the maximum rate. [28] transferred into the atom probe analysis chamber at a base temperature of 50 K (À 223°C). Atom probe analyses were performed at CAMECA Instruments in Madison, Wisconsin and Oak Ridge National Laboratory (ORNL) using local electrode atom probes (CAMECA Instruments LEAP 5000 XS and LEAP 4000X HR). The LEAPs were operated in voltage-pulse mode with a specimen temperature of 50 K (À 223°C), a pulse repetition rate of 200 kHz, and a pulse fraction of 0.2.
III. RESULTS AND DISCUSSION

A. TEM Observations
At the conclusion of isothermal holding, the microstructure was found to consist of thin bainitic ferrite plates between films of retained austenite. Electron diffraction patterns were collected from two regions in a single bainitic ferrite plate by SAED, as presented in Figure 1 for the 1.0C/250 structure. On the one hand, Figure 1 (b) reveals diffuse spikes elongating from every fundamental reflection towards the 102 a¢ direction. On the other hand, Figure 1 (c) shows satellite spots appearing around every fundamental reflection lying near the 100 a¢ directions. Diffuse scattering arises from the local atomic configuration of the material, i.e., short range ordering, whereas satellite reflections are caused by a modulation which has a longer period than that of the fundamental lattice. Satellite spots in 102 a¢ directions appearing around each fundamental reflection in SAED patterns of Fe-C martensite aged below 423 K (150°C) were attributed to the formation of a modulated structure, in which interstitial carbon atom clusters smaller than 1 Å are distributed randomly in periodically spaced planes nearly parallel to (102) a¢ . [14, 18, 20, 21, 23, 32] The intensity distribution of such satellite spots is explained on the assumption that carbon concentration averaged over the (102) a¢ planes fluctuates sinusoidally, thereby displacing the iron atoms from their average positions and contributing to the satellite spot intensity. [21] Prior to the appearance of the satellite spots, interstitial carbon atom clusters form in martensite, which produce diffuse spikes in the SAED patterns. It has been suggested that the diffuse spikes and satellite spots might change their direction from 011 a¢ towards 001 a¢ as the temperature is increased. [24] Also, the presence of additional alloying elements, such as Cr, Mn, and Ni in naturally aged martensites shifts the directions along which the diffuse scattering and satellite spots develop. [19, 33, 34] The initial wavelength of the structural modulations in martensite generally decrease with increasing carbon content and become constant above~1.4 wt pct C at a wavelength of1 nm. [19, 21] The compositional wavelength increases with the increasing aging time and can be as large as 10 nm in Fe-Ni-C martensites naturally aged for a month. Figure 2 (a) shows a HR-TEM image of the ferritic phase of 1.0C/250. The fine lattice fringes with 0.21 nm spacing correspond to the lattice spacing of the 3(101) a¢ planes, whereas the broad fringes nearly parallel to the (200) a¢ planes with a spacing~1.15 nm correspond, in principle, to fringes due to the structural modulation. Areas giving simultaneously four satellite spots corresponding to two fringe directions in a tweed-like contrast (see Figure 2 (c)), were rarely observed. A close inspection of Figure 2 (a) reveals that the fringes are not exactly parallel to one another and the spacing varies slightly from region to region, where fringes running in a single direction are limited to domains of 5 to 10 nm in diameter. The observed local variation of the modulated structure is in good agreement with previous observations in Fe-C martensites, [14, 21] which suggest that the degree of strain is different from domain to domain as a result of elastic interactions among them. Figure 2(b) is the Fast Fourier Transform (FFT) of Figure 2(a) , where the satellite spots arise from the spatial periodicities associated with the broad fringes in the HR-TEM image. According to the present TEM observations, the overall structure still consists of Fe atoms arranged according to a bct crystal lattice with carbon-enriched and carbon-depleted regions.
B. APT Analyses
APT was used to evaluate the composition of the carbon clusters in bainitic ferrite. Even if the ferrite regions of interest are extracted from the materials using FIB to obtain the APT samples, the needles usually contain features other than bainitic ferrite. A typical APT dataset of low temperature bainite holds a non-homogeneous distribution of carbon atoms in arrangements with definite compositions, which are identified as retained austenite and bainitic ferrite, the latter containing carbides, Cottrell atmospheres, and carbon clusters, in most cases with a size of a few nanometers. Figure 3(a) shows an APT carbon atom map of the 0.7C/220 microstructure containing a variety of carbon-rich tangled features, and Figure 3(b) shows the corresponding 8 at. pct isoconcentration surfaces. Figures 3(c) and (d) show 1D concentration profiles across the carbon-rich features indicated by arrows, whose carbon contents are about 21 and 13 at. pct, respectively. According to previous observations, the feature in Figure 3 (c) is identified as either cementite or g-carbide, [35] whereas the feature in Figure 3 (d) is consistent with a Cottrell atmosphere around a dislocation in ferrite. [36, 37] In the same way, Figure 3 (e) shows the carbon composition relative to the position of the 20 at. pct isoconcentration surface of the feature indicated by an arrow (note that this is different from the 8 at. pct isoconcentration surface presented in Figure 3(b) ). This feature also represents either cementite or g-carbide embedded in a ferritic matrix. In addition, carbon agglomerations in the form of round clusters are observed in Figure 3 (b) away from the aforementioned features.
Given the complexity of the microstructure, proximity histograms (or proxigrams for short) are the most practical way of evaluating the composition of the small carbon-rich features. Proximity histograms, as shown in Figure 3 (e), are profiles of local atomic concentrations vs proximity to an isoconcentration surface whose composition is selected to represent an interface. [38] Proxigrams are primarily designed to investigate the solute distribution and interfacial segregation at interphase interfaces and solute partitioning trends between phases. On very fine-scale structures, as in nanostructured bainite, proxigrams might be used effectively to get an estimate of the solute content and the presence and extent of solute tails.
With the aim of determining compositions by proxigrams within an APT dataset, a 3D grid of data locations is first performed to convert the ion-by-ion data into composition maps, so that a certain number of atoms is accumulated in a volume element or voxel in the specimen. The voxel size will determine the balance between the spatial resolution and fluctuations in the composition determinations. In addition, due to the fact that the reconstruction algorithm does not accurately position the atom on its lattice site, a delocalization process must be performed to distribute the contribution of each ion over a range of voxels. Thus, each data point is spread by a 3D 3r Gaussian distribution of the position having a width of the delocalization parameter. [39, 40] This delocalization parameter is used to define the isoconcentration surfaces, but is removed for the evaluation of the proxigram. The 3D grid parameters selected here are a 1 9 1 9 1 nm 3 voxel size and a 3 9 3 9 1.5 nm 3 delocalization, for a tradeoff between spatial and statistical errors, which ensures a 3r Gaussian distribution of the concentration at each volume element. [41] The composition of the volume is further calculated by dividing the number of ions of interest by the total number of ions collected. The choice of the voxel size and delocalization raises the frequent problem of compromise between sampling errors and spatial convolutions. [42] Indeed, too large a voxel size will blur positional information and may obscure very fine-scale clustering from the analyses by artificially dissolving solute clusters in the matrix, especially in the early stages of phase separation. [12, 13, 43] The long transformation times needed in low temperature bainite yield to the general assumption that clustering is captured in an advanced stage so that proximity histograms are suitable to estimate their composition. Clusters in bainitic ferrite are usually defined as~6-nm-thick carbon-enriched regions randomly dispersed within the ferrite matrix, [44] or as ''fluffy'' clouds with a characteristic branch-like structure and a diffuse interface with the bainitic ferrite matrix. [45] The performance of APT in the quantitative analysis of carbon has been the matter of a number of studies in the last years. [46, 47] The apparent carbon concentration of both ferrite and cementite is usually higher than expected, and in the case of cementite, such a disagreement is still an open question. [46] In a previous study, the present authors calibrated APT measurements in bainitic ferrite by ascertaining the proper correction factors in a pearlitic ferrite sample with known carbon content. The same procedures have been applied here to determine the carbon content in the bainitic matrices. [11] Table II collects the results of Rietveld XRD analyses on the same structures according to former study, [7, 11] and the carbon content in the different domains composing bainitic ferrite; C a¢ is the carbon content in bainitic ferrite as derived from the c/a a¢ ratio obtained by XRD, [48] C a is the amount of carbon randomly distributed in the low-carbon regions of bainitic ferrite obtained by APT, [11] and C a¢ is the carbon content of the clusters obtained by APT. The carbon content of the clusters varies from one to another and from sample to sample. For simplicity, the composition of the clusters was averaged over all the clusters observed in each sample. As previously discussed, [11] the disagreement between the carbon content values in the bainitic ferrite matrix as derived from XRD (C a¢ ) and APT measurements (C a ) is due to the fact that XRD analyses average the carbon content of the low-carbon and high-carbon regions in bainitic ferrite i.e., a¢ fi a + a¢¢.
The composition of carbon clusters in the structures obtained from the 0.7C and the 1.0C steels is similar (see Table II ), and is close to the stoichiometric Fe 16 C 2 compound (11.11 at. pct C). Nevertheless, it should be mentioned that the carbon content measurements by APT are subject to several sources of uncertainties that are difficult, if not impossible, to quantify, primarily related to complex ion dissociation and deionization, multihit/pile-up effects, and reconstruction artifacts, so that the measured compositions are approximations. Clusters of composition a¢¢-Fe 16 C 2 have been suggested to develop as pre-precipitates or embryos of carbides. [19, 49] The a¢¢-Fe 16 C 2 compound can be described as being comprised of carbon situated in an ordered configuration on the octahedral sites of a tetragonally distorted bct-Fe lattice. Molecular dynamics studies of the ordering of carbon in supersaturated a¢-Fe show that the a¢¢-like ordering of carbon represents the most preferable interstitial interaction over a wide range of compositions, whereas disordered a'-Fe always shows unfavorable interactions. [50] Unlike in Fe-C martensites, the nitrogen clusters that develop in the early stages of Fe-N martensite decomposition possess the a¢¢-Fe 16 N 2 crystal structure, i.e., nitrogen clusters exhibit longrange order. [51] [52] [53] To the best of the authors' knowledge, there are no direct observations of an a¢¢-Fe 16 N 2 -type crystal structure in the Fe-C system. Figure 4 (b). APT shows that the fine-scale structure of bainitic ferrite is composed of carbon-depleted domains and carbon-enriched clusters, the latter with characteristic dimensions in the 5 to 10 nm range. The size of these C-enriched clusters is in good agreement with the size of the domains where fringes run in a single direction in Figure 2(a) . Therefore, it is thought that the structural modulation observed by TEM is the consequence of a fine clustered arrangement of carbon atoms in domains with an overall composition close to the stoichiometric a¢¢-Fe 16 C 2 .
In the case of the microstructures obtained from the 0.3C steels, APT analyses do not reveal significant carbon clustering. Figure 5(a) shows a carbon atom map of the 0.3C/325 microstructure containing only bainitic ferrite, and Figure 5(b) presents the corresponding first nearest-neighbor distances between carbon ions and the randomized carbon ions. The distribution of carbon ions is close to the randomized distribution of carbon ions, and clustering effects are considered to be minor (consisting of a few carbon atoms, if any).
C. Spinodal Decomposition in Highly Supersaturated a-Fe
The origin of the carbon segregation process in a supersaturated bct-Fe matrix remains a matter of debate. [54] [55] [56] [57] [58] Several investigations carried out in the 1970s and 1980s by Kurdjumov and Khachaturyan, [59] Nagakura et al., [18, 21, 23, 60] Taylor et al. [19, 32, 49] and others [61] [62] [63] [64] [65] [66] firmly established carbon-atom clustering as an inherent process in martensite aging. The driving force for clustering of carbons atoms was proposed to be a reduction in the lattice-distortion strain energy caused by interstitial atoms. [61, 62, 67] such that the structural modulations result from a stress-induced alignment of individual clusters. [60] Alternatively, Taylor and coworkers [19, 32, 68] ascribed carbon clustering to a conditional spinodal** mechanism, where prior Zener ordering is required to produce the initial compositional stability that develops in a coherent two-phase state, i.e., a¢ fi a + a¢¢, where a¢¢ is the stoichiometric Fe 16 C 2 compound. Theoretical analyses have followed to set up the coherent miscibility gap for Fe-C martensite, [50, 64, 70] showing that the lowest free energy is obtained if spinodal decomposition is considered.
Initial detractions to clustering phenomena in naturally aged martensite offered an alternative interpretation to the parallel-striated contrasts observed in TEM, ascribing them to line defects such as dislocations, as opposed to the planar carbon concentration modulations developed by spinodal decomposition. [71, 72] Figures 4(a) and (b) show that carbon clustering is indeed produced in a planar arrangement, which is unlikely to represent the core of a dislocation in a-Fe. Besides, planar segregation was suggested to be the result of carbon-rich twin interfaces. [73] However, coherent twins are highly symmetric low-energy grain boundaries that attract very low amounts of solutes, if any. [57] Correlative TEM and APT experiments show that carbon segregation to coherent twin boundaries in bcc-Fe is marginal (~1 atom/nm 2 ), [74] although the presence of misfit dislocations can increase this value. In fcc-Fe, annealing twin boundaries even show depletion of carbon during deformation at elevated temperatures, whereas no evidence for segregation at the deformation twin boundaries is found. [75] Therefore, the most **The theory of spinodal decomposition requires the parent and product phases to be a continuous phase with the same crystallographic property. However, when carbon is inserted in a carbon-depleted bcc lattice, the alignment of carbon atoms distorts the lattice in a specific direction adopting a bct symmetry. Given the discontinuity in the crystal symmetry between carbon-rich (bct) and carbon-poor (bcc) regions in the Fe-C system, the process of separation would be considered to be a pseudospinodal decomposition. [55, 69] plausible interpretation of the carbon-enriched configuration shown in Figure 4 is that this is the result of carbon clustering in parallel layers within the bct-Fe matrix. V: volume fraction of austenite as determined by XRD, c/a a¢' : lattice parameter ratio in bainitic ferrite as determined by XRD, C a¢ : carbon content in bainitic ferrite as derived from the c/a a¢ ratio, C a : amount of carbon randomly distributed in the low-carbon regions of bainitic ferrite as determined by APT, C a¢¢ : carbon content of clusters as determined by APT.
*Given that both martensite and bainitic ferrite are present in the microstructures, and these phases cannot be distinguished by XRD analyses, Rietveld refinement results are omitted in the bcc/bct phase.
The substructure of martensite here illustrated consists of a complex distribution of carbon within a depleted matrix, probably into clusters and dislocations, similar to that shown for bainitic ferrite in Figure 4 . Again, carbon enrichments are formed with varying compositions. The carbon composition of the percolated network in the upper half of the dataset shown in Figure 6 (b) is about 18 at. pct (see Figure 6 (c)), while the composition of the isolated carbon clusters in the lower half of the dataset is around 11 at. pct (see Figure 6(d)) . It is not possible to ascertain whether the carbon distribution of the upper half of the needle corresponds to segregation to dislocations tangles, clusters, or both. However, the features in the lower half of the needle in Figure 6 (b) and in the whole volume in Figure 4 (b) certainly represent isolated solute clusters in a depleted matrix. Similar observations were conducted by APT in carbon-supersaturated a-Fe matrices, e.g., in the ferritic phase of martensitic steels, [76] [77] [78] quench and partitioning steels, [79, 80] and low-temperature bainite, [6, 45, 81] with the carbon clusters usually having a composition between 10 and 15 at. pct C.
In certain cases, a solid solution may not be stable due to the presence of a high concentration of defects, and concentration fluctuations spontaneously increase as occurs under thermal conditions during spinodal decomposition. [82] The physical basis of this instability is that a local increase in the solute concentration ''attracts'' defects. Consequently, more interstitials bind to the defect-rich region, which in turn further increases the local solute concentration. [83] In the case of the diffusionless or partially diffusionless transformation of austenite into a bct lattice, the presence of defects is not necessary to produce a concentration instability as long as the austenite composition lies within the a + a¢¢ miscibility gap. Figure 7 shows the average carbon content in bainitic ferrite as determined by XRD (C a¢ ), and the bulk composition of the structures studied relative to the order-disorder temperature [70, 84] and the a¢¢-order/disorder transformation curves (chemical and coherent spinodal) [70, 84] as a function of the bainite transformation temperature. This figure indicates that at low temperatures, a miscibility gap is formed if the chemical and coherent spinodal lines are calculated by applying the theory of spinodal decomposition to the description of the bct phase. [70, 84, 85] However, the shortcoming of using Naraghi's calculations [70, 84] is that it is restricted to the metastable equilibrium in Fe-C steels. In martensitic steels containing 1.31 at. pct C and 3.2 at. pct Si, the upper temperature limit for stable carbon clusters is increased to above 488 K (215°C), [76] and so it is the case in high-carbon high-silicon bainitic steels, where a¢¢-type clusters are observed above 623 K (350°C). All calculations should be updated to account for the influence of substitutional solute atoms. Unfortunately, that is a monumental task that requires the collection and assessment of all available experimental and theoretical information, first in model alloys, to describe the thermodynamic properties of each phase. So far, very few data are available on spinodal decomposition in alloy systems other than Fe-C and Fe-Ni-C.
According to Figure 7 , the bulk composition of both 0.7C and 1.0C steels is well below the order-disorder temperature and the chemical spinodal curve. Considering a diffusionless growth of the bainitic ferrite plates, these would initially have a carbon composition that allows ordering into a single set of octahedral sites. Ordering beyond that marked by the Zener temperature would only occur if the freshly formed bainitic ferrite composition lies below the spinodal curve. As evidenced by the TEM, APT, and XRD data provided in Table II , carbon ordering into a¢¢-type clusters is produced in both the 0.7C and 1.0C structures. On the contrary, the bulk composition of the 0.3C structures lies beyond the order-disorder temperature, and a bct lattice would not be expected. Indeed, solute clustering was not detected by APT analyses (see Table II ), while the carbon composition of the bainitic ferrite matrix matches that indicated by the paraequilibrium (PE) with the austenite. [11] The average carbon composition in the 0.7C/M martensitic structure naturally aged at 298 K (25°C) nearly matches with the bulk composition of the alloy i.e., the structure is fully supersaturated. The carbon composition of the depleted matrix (C a ) in this structure is near the order-disorder temperature, whereas the carbon content in clusters (C a¢ ) meets the composition expected from the miscibility gap. In contrast, the average ferrite composition (C a¢ ) for all the structures lies above the order-disorder temperature in Figure 7 , although it has been shown that carbon is sufficiently ordered to produce a tetragonal symmetry in the ferritic unit cell. [7, 8] Once a bainitic ferrite plate has grown, carbon is mobile enough to partition from supersaturated bainitic ferrite to austenite, segregate to defects, and form clustered arrangements and precipitates. The kinetics and interrelationship of each of the processes occurring in a single platelet of bainitic ferrite after its formation remain unclear. Therefore, it is thought that in the 0.7C and 1.0C steels, bainitic ferrite forms via a diffusionless or nearly diffusionless mechanism and swiftly decomposes spinodally into a a + a¢¢ mixture. Any parallel or concomitant decarburization process will shift the average carbon content of the ferrite matrix to lower values, even below the order-disorder boundaries (see C a¢ values in Figure 7 ). The resulting mixture appears to be stable in spite of prolonged heat treatment, as revealed by the 0.7C/220 and 0.7C/220+6d Fig. 7 -Average carbon content in bainitic ferrite as determined by XRD (C a¢ ), amount of carbon randomly distributed in the low-carbon regions of bainitic ferrite (C a ) and bulk composition of the structures (C bulk ) relative to the order-disorder temperature [15] and the a¢¢-spinodal curves, [70, 84] as a function of the transformation temperature. Note that the martensitic structure obtained from the 0.7C steel (0.7C/M) is represented as naturally aged at 298 K (25°C). structures in Table II , where the latter structure was held at the isothermal transformation temperature for 6 days after completion of bainite transformation.
Early experiments showed that the rate of precipitation during tempering of martensite increases with the increasing number of C-vacancy complexes in the system, since these provide the onset of nucleation of carbide embryos. [86, 87] Similarly, carbon clusters in martensite are considered to be the embryos for carbide precipitation. [73] There seems to be a connection between point defects, carbon clustering, and subsequent carbide precipitation, although it is unknown how the presence of C-vacancy bonds does or does not promote carbon clustering phenomena. It is thought that the low mobility of the C-vacancy complexes in the bainitic ferrite matrix impedes the full partitioning of carbon towards the austenite and further launches a¢¢-type-ordering processes. Moreover, current experimental evidence favors the proposal that the high-carbon phase resulting from carbon ordering in bct ferrite represents an imperfect form of the Fe 16 N 2 structure. [68] Such an ''imperfection'' must arise from a high concentration of vacancies
IV. CONCLUSIONS
The overall structure in the ferritic phase of low-temperature bainite consists of a bct crystal lattice where carbon clusters with a composition close to Fe 16 C 2 are embedded in a carbon-depleted matrix. This phase separation is thought to develop as a consequence of a conditional spinodal decomposition mechanism, where initial carbon supersaturation of bct ferrite is needed to produce the compositional instability.
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